Tests of ultra-low sulfur diesel blended with soy-biodiesel at 5% and 20% were conducted using a 2002 model year Cummins ISB engine (with exhaust gas recirculation) that had been retrofitted with a passively regenerated catalyzed diesel particulate filter (DPF). Results show that on average, the DPF balance point temperature (BPT) is 45°C and 112°C lower for B20 blends and neat biodiesel, respectively, than for 2007 certification diesel fuel.
INTRODUCTION
Biodiesel is a renewable fuel derived from vegetable oil, animal fat, or waste cooking oil and consists of the methyl esters of fatty acids. It is typically used as a diesel blending component at levels of 20 volume percent or lower. A resource assessment indicates that biodiesel has the potential to displace 5% or more of petroleum diesel over the next decade [1] . A life cycle analysis indicates that biodiesel is a highly renewable fuel, and that use of B20 results in a 19% reduction in life cycle petroleum consumption [2] . The United States Environmental Protection Agency (EPA) has reviewed biodiesel emissions data for heavy-duty engines published up through about 2000 [3] . For transient engine dynamometer testing, the average emission changes for B20 versus petroleum diesel were +2.0% for NO x , -10.1% for PM, -11.0% for carbon monoxide (CO), and -21.1% for total hydrocarbons (THC). However, closer scrutiny of the available data suggests that increasing NO x is not necessarily a general phenomenon for biodiesel at the B20 level, and that NO x emissions depend upon engine duty cycle or mode as well as engine technology [4] .
More recently data were published reporting the testing of two newer engines equipped with EGR and meeting the 2004 emission standards, with B20 vs. ultra-low sulfur diesel (ULSD) fuel. This study found, on average, a 25% reduction in PM emissions for B20 [5] , but NOx increased by nearly 4 %.
In 2007, new emission standards for on-road heavy-duty diesel engines will begin to phase in. Most relevant to this work, beginning with the 2007 model year the particulate matter emission standard will be lowered from 0.1 g/bhp-h to 0.01 g/bhp-h. This lowering of PM emissions by a factor of 10 is enabled by the introduction of diesel fuel containing a maximum of 15 ppm sulfur (ULSD) beginning in June of 2006 and the use of diesel particulate filters. In a DPF, soot particles are trapped on a filter. In catalyzed DPF systems such as that tested here, the soot is then burned by reaction with NO 2 . The role of NO 2 as an oxidizer is critical to catalyzed DPF performance and DPFs typically contain a precious metal catalyst upstream of the ceramic filter, where NO is converted to NO 2 . This NO 2 is a more aggressive oxidizer of soot at low temperatures than is oxygen, and thus can control the soot oxidation rate. Thus, a small increase in NO x emissions (mainly NO) observed for B20 during transient testing could have significant consequences for the performance of B20 with DPFs.
Some published information is available on the performance of DPFs with biodiesel and biodiesel blends. Testing of B20 and several other fuels with various aftertreatment and engine configurations [6] has been reported. The use of a catalyzed DPF produced a factor of 10 reduction in PM emissions relative to the base case. No PM emission advantage was observed for B20 with a DPF installed. No engine-out emissions were reported for B20 in this study. Additionally, 2007 compliant procedures for PM emission measurement do not appear to have been used. However, Boehman and coworkers [7] have recently shown that blending of 20% biodiesel into diesel fuel can significantly lower balance point temperature (BPT). They present results showing that this is not caused by increased availability of NO 2 , but by inherent differences in soot reactivity for different fuels. This was confirmed by thermogravimetric analysis wherein soot produced in an engine from different fuels was burned under identical conditions. Soot characterization by electron microscopy suggested that the cause of this increased reactivity is a more highly disordered soot nanostructure for B20 blends such that the soot is more reactive or reactive at lower temperatures. More recent results presented by Boehman [8] suggest that changes in nanostructure are not the cause of increased reactivity, but rather the introduction of highly reactive surface oxygen sites when the soot is produced from B20.
Here we examine the impact of biodiesel and biodiesel blends on balance point temperature, filter regeneration rate, and transient emissions using a modern 
EXPERIMENTAL SETUP
The test setup consisted of a 2002 model year 5.9L 300 hp Cummins ISB, equipped with a diesel particle filter (DPF). Properties of the test engine are shown in Table  1 . The engine employs cooled high-pressure EGR, a variable geometry turbocharger, electronic control, and high-pressure common rail direct fuel injection, designed and calibrated to meet the 2004 U.S. heavy-duty emissions standards.
The DPF is a 12 L catalyzed diesel particle filter employing Catalyzed Continuously Regenerating Technology (CCRT   TM   ) provided by Johnson Matthey, a passively regenerated system. The CCRT TM filter is a diesel oxidation catalyst followed by a wall-flow catalyzed soot filter. It is used in applications with average exhaust temperatures as low as 200°C -250°C. The DPF is mounted 152 cm from the engine turbo flange outlet. The DPF was instrumented for inlet and outlet temperatures and pressures as well as differential pressure. Temperatures were measured with K-type thermocouples mounted 8 cm from the face of the precatalyst on the inlet side and 8 cm from the face of the DPF on the outlet side. Inlet and outlet pressures as well as differential pressure were measured from the same location. The overall setup and relative location of all instrumentation is illustrated in Figure 1 . In addition, engine and emissions sampling systems were instrumented for measurement of all other critical temperatures and pressures. 
PROCEDURES AND RESULTS

ESTIMATION OF PARTICLE LOADING
In addition to fuel effects, performance of the DPF could be affected by the level of particulate loading. Thus, experiments were conducted to understand how to repeatedly preload the DPF with the same amount of particulate, and how to quantify that amount. In all cases the 12 Liter DPF was loaded to approximately 1.5 g/L to approximate typical in-use loading levels. However, the amount of time necessary to produce the total 18 grams of PM at the 2000 rpm 20 ft-lb preload condition is different for each fuel. A series of experiments were conducted to determine the rate of PM production by the engine for each fuel at the preload condition. The results of these experiments were then used to determine the proper load period for all subsequent BPT and regeneration rate testing. In addition, a method of weighing the DPF before and after loading was developed to further confirm the total mass collection.
Particulate Matter Rate Study
Testing was conducted to determine the total output of PM from the engine when operating at the 2000 rpm 20 ft-lb preload condition for a 340 minute period. Without the DPF installed, engine-out PM samples were collected every 20 minutes for the entire 340 minute duration. Samples were collected onto 47 mm Teflon membrane filters at a sample flow rate of 43 L/min for 20 minutes each. The filters were then weighed to determine the total PM production from the engine. This test was conducted for 2007 certification diesel (2007 Cert), B20 and B100, the results of which are shown in Figure 2 . Assuming that the DPF captures and stores all of the PM at the preload condition, total collection of 18 grams (1.5 g/L) would take 332, 314 and 239 minutes for B100, B20 and 2007 Cert respectively.
DPF Loading by Weight
The preload condition of the DPF was further confirmed by taking fully regenerated (clean) and loaded weights of the DPF. The DPF weighed 17.2 kg compared to the 18 grams of PM being collected, illustrating the degree of accuracy necessary. An electronic balance with a resolution of 0.1 grams was used. Initially the DPF was allowed to equilibrate in an environmental chamber for a minimum of 12 hours before weighing. Temperature and humidity were controlled to 20°C with a relative humidity of 47%. When weighing the DPF during this 12 hour Figure 2 . PM rate study results for B100, B20 and 2007 Certification Diesel stabilization period, it was found that the DPF would immediately begin gaining weight in the relatively humid environment and eventually stabilize before the twelfth hour. The DPF appeared to absorb moisture even with substrate temperatures as high as 800°F. Overall, the loaded DPF would gain as much as 13 grams of moisture before stabilizing. However, it was discovered that a clean DPF was more hygroscopic than a loaded DPF, gaining as much as 21 grams of moisture. Thus, accurate measurements of loaded mass could not be determined by taking the difference in clean and loaded DPF weights, each of which was taken after equilibration in a humid environment.
The second iteration of a weighing technique consisted of weighing the DPF in a dry room environment. In this case, with relative humidity controlled to below 20%, the DPF still gained weight due to moisture, however, not as quickly. It was decided that the best technique for weighing was to remove the DPF as quickly as possible following engine operation and take immediate measurements in the dry room conditions. This technique yielded repeatable DPF loading measurements between 1.3 and 1.7 g/L compared to the target 1.5 g/L predicted by the PM rate studies.
BALANCE POINT TEMPERATURE
The balance point temperature is defined as the DPF inlet temperature at which the rate of particle oxidation approximately equals the rate of particle collection. At the balance point temperature during steady-state operation, the DPF should not experience a net gain or loss of particulate matter and consequently the differential pressure across the DPF should not change. A series of balance point temperature tests were conducted to compare the operation of a DPF on 2007 certification diesel, B100, and a B20 blend. The balance point temperature was determined with the following test sequence and is illustrated in Figure 3. 1. The DPF was completely regenerated by operating at near rated power (2500 rpm and 575 ft-lbs) for 120 minutes.
2. The DPF was then preloaded with PM at 2000 rpm and 20 ft-lbs over the appropriate amount of time to achieve an approximate 1.5 g/L loading of particulate matter on the DPF. 3. The preloaded DPF was then operated at 1700 rpm while torque was increased to achieve specified exhaust temperatures. The DPF pressure drop was monitored continuously to determine slope of the increase or decrease of the differential pressure across the DPF at a given inlet temperature. 4. This sequence was repeated for 2007 certification diesel, B100 and B20 fuels for determination of BPT at 1700 rpm.
Figure 3. Balance point temperature test DPF differential pressure
The balance point temperature is determined by analyzing the slope of the differential pressure for each of the temperature steps. If the slope is positive (backpressure is increasing) then it is assumed that the DPF is collecting particulate matter. Once the slope becomes negative (backpressure is decreasing) that temperature is above the balance point temperature, as previously defined. The balance point temperature determination is made by plotting the slope of the differential pressure versus the DPF temperature for each of the steps. A linear curve fit is made between the two steps where differential pressure slope transitions from a positive to a negative value. The point where the curve fit crosses the Y-intercept is determined as the best estimate of the balance point temperature. In order to understand variability of the testing method, two repeats of the balance point temperature test were completed for 2007 certification diesel and B20, and three repeats for B100. In the case of 2007 certification fuel, additional torque steps were added in order to move sufficiently beyond the balance point temperature. Figure 4 shows the resulting balance point temperature windows for each of the fuels. On average, the balance point temperature is 45°C lower than 2007 certification diesel for B20 blends and 112°C lower for neat biodiesel.
REGENERATION RATE
The regeneration rate testing is similar to balance point temperature testing in that the DPF is fully regenerated and preloaded to approximately 1.5 g/L. However, rather than stepping through different torques at 1700 rpm, the engine moves directly to a single, relatively high torque (high temperature) operating point. This test method is illustrated in Figure 5 . This method provides a potential advantage of comparing regeneration behavior between fuels at the same approximate DPF preload conditions (grams/Liter) and same high load steady-state operating point. This contrasts with the stepped BPT measurement method, which allows for different loading to occur during the "steps" following preload and prior to reaching the BPT. and B20 with two repeats for each fuel. Once the DPF had been preloaded the engine was then operated at the higher temperature point (1700 rpm and 250 ft-lbs) for 60 minutes. This allowed enough time for DPF temperature to stabilize. In each case, the DPF temperature at the active regeneration point stabilized between 348°C and 357°C. In general, DPF inlet temperatures were lower with higher blend ratios of biodiesel. DPF differential pressures also varied from test to test, either as a consequence of the slight temperature differences or relative differences in the amount of particle loading. At the stabilized regeneration point, DPF differential pressures ranged between 48.3 cm of H 2 O and 52.1 cm of H 2 O.
Results for regeneration rates are shown in Figure 6 . This plot shows the normalized DPF differential pressure for the final 15 minutes of steady state operation at the active regeneration point. DPF differential pressures are normalized to show relative differences in performance for each of the fuels. As the plot shows, the differential pressure slope for 2007 certification fuel is slightly positive for repeated runs at 1700 rpm, 250 ft-lb operating condition with temperatures around 354°C. This is consistent with previous testing that showed a balance point temperature somewhere between 359°C and 364°C for this fuel. The plot also illustrates that both biodiesel blends at the B5 and B20 level show measurable decreases in DPF differential pressure at the same operating condition with similar amounts of DPF preloading. The slope of the differential pressure decrease increases with biodiesel content. These test results show that when fueled with biodiesel blends, PM appears to measurably oxidize more quickly than when fueled with certification diesel fuel (even down to the B5 level). Increased levels of biodiesel in the fuel appear to increase the rate of DPF regeneration at a given engine operating condition. Thus, increased NO x from biodiesel blends could potentially be the cause of the observed higher regeneration rates. Table 2 shows brake specific NO x levels at the regeneration condition for each fuel. For this experiment, differences in NO x levels between 2007 certification diesel and the biodiesel blends are not statistically significant (at alpha = 0.05). This suggests that differences in regeneration rates are not primarily due to differences in the availability of NO 2 as a soot oxidizer, although higher NO 2 availability may play a secondary role for B20. The availability of NO x at each step in the balance point temperature test is illustrated in Figure 7 for each of the three test fuels. B100 NO x levels (g/bhp-hr) trend higher at temperatures above 280°C. However, at the balance point temperature for B100 (250°C), the availability of NOx is approximately the same as petroleum based diesel or B20. The same is true for NO x levels at the BPT for B20 (317°C), once again indicating that reactivity of the soot, rather than availability of NO 2 , is the primary factor in the determination of the balance point temperature for each test fuel. It should be noted that speciation of NOx for NO and NO 2 components was not performed. Biodiesel blends could also impact the NO/NO 2 split, which may have an impact on efficiency of the DPF. Also of note is the relative difference in the NOx/PM ratio for each test fuel. Because of lower engine out PM for biodiesel and the higher soluble organic fraction, the biodiesel NOx/Soot ratio will be much higher than that of 2007 certification fuel. The impact of this ratio on balance point temperature and regeneration rate was not explored in this study. 
TRANSIENT EMISSIONS TESTING
Baseline emissions over multiple hot start heavy-duty transient tests were measured for the 2007 certification fuel and a B20 blend. These tests were conducted with and without the DPF for both fuels to confirm operation of the filter and to determine reduction efficiencies of all regulated pollutants. Individual test results for each repeated run are shown in Table A -2. Table 3 shows the percent changes in emissions and fuel economy for each test configuration. Without the DPF, biodiesel reduced emissions of both THC and CO by 50% and 22%. In the case of both fuels the catalyzed DPF reduced THC and CO emissions by 97% to 99%, to almost undetectable levels. NO x emissions increased for the biodiesel blend by 4% on average without the DPF compared to ULSD runs. DPF installation caused NO x emissions to increase by 1%.
The biodiesel blend produced a 3% (p<0.001) increase in brake specific fuel consumption, consistent with the lower energy content of biodiesel, as shown in Table A-1. Installation of the DPF produced a 1% fuel economy penalty for both fuels (p<0.001). 
Soot Collection Methods
Particle samples used for soot characterization were collected at the engine preload condition (2000 rpm 20 ftlbs) for each test fuel. Without the DPF installed, dilute exhaust PM samples were collected onto 47 mm filters using methods consistent with CFR Title 40 Part 86 Subpart N. A butterfly valve was used to simulate exhaust back pressures similar to those created by the DPF. Approximately 46 mg were collected onto Pallflex Quartz filters and 10 mg were collected onto Teflon membrane filters. Bulk soot was collected directly from a preloaded DPF by back-flushing the filter with high pressure air into a collection canister. The DPF was first loaded by operating the engine at the preload condition for the time appropriate to achieve the 1.5 g/L loading. Using this method, approximately 1 gram was collected for 2007 certification diesel and B100.
Fuel and Lubricant Fraction of SOF
The soluble organic fraction (SOF) of PM samples was extracted using supercritical CO 2 .
The extracted hydrocarbon was delivered into an ODS trap (Agilent) and rinsed with CS 2 . The CS 2 solution was injected into a gas chromatograph (HP 5880A) using a packed column (Chromosorb PAW) and a flame ionization detector (FID). The carrier gas was N 2 and the heating rate is set at 10°C/min for the temperature range from 35°C to 350°C. The SOF elutes as two major bands corresponding to fuel at roughly 12 minutes and lubricant as a broad band centered around 17 minutes. The fuel light end components, normally eluting before 10 minutes in the chromatogram, are missing for all samples studied, suggesting that the light portion of the fuel has evaporated. Based on the ratio of the fuel and oil peak areas, we can determine the lubricant fraction in the SOF and the data are shown in Table 4 .
PM samples collected on both quartz and Teflon membrane filters were examined for 2007 certification diesel, B20 and B100. For 2007 Cert the major SOF component is lubricant regardless of the filter type. When biodiesel is used, roughly 25% of the SOF can be attributed to the fuel. The contribution of the fuel is even larger when Teflon membrane filters are used. Organic Carbon/Elemental Carbon Ratio
The ratio of organic and elemental carbon was measured by a thermal-optical carbon aerosol analyzer. The PM sample is placed in a quartz oven and is heated under helium with a stepped temperature ramp up to 900°C. Under this condition, all organic compounds are desorbed, pyrolyzed, and converted into CO 2 . The CO 2 is swept through a heated nickel catalyst and converted into methane which can be quantified with a flame ionization detector. After the initial temperature ramp for organic carbon measurement, the oven is cooled to 600°C and the flow is switched to a helium/oxygen. A second temperature ramp is then initiated in the oxidizing gas stream to oxidize the elemental carbon. The elemental carbon is quantified in the same manner as the organic carbon. The elemental carbon can be also quantified by optical absorption detection.
As shown in Table 5 , the OC/EC ratio follows a general trend of B100 > B20 > 2007 Cert. This indicates that the PM generated by biodiesel contains more organic carbon and that organic carbon content is higher with increasing biodiesel content. . The 1578 cm -1 band is referred to as the graphitic band or G-band. As the graphite crystal is ground to destroy the ordering, a second band, referred as the amorphous band or disordered band, or D-band, begins to appear around 1340 cm -1 . For carbonaceous materials such as soot or coal, the D-band is relatively broad and sensitive to the ordering of the carbon structure. Both maturation and oxidation level of PM affect the ordering of the carbon structure. The maturation, in morphological sense, is the collapse of small aromatic domains with 1~4 rings into a configuration containing larger ring number domains. Besides the growth of a two-dimensional domain size, the layer-to-layer orientation also plays a determining role for long range ordering [9, 10] .
Two micro-Raman units were used to examine the soot samples: a Dilor XY800 Raman microprobe equipped with Ar + laser (514.5nm) and a Rennishaw with a He-Ne laser (632.8nm). Both laser wavelengths were focused on the sample through a microscope with a 50x or 100x objective lens and the scattered light collected through a holographic filter and detected via a CCD detector. . Multiple Raman spectra were taken for each sample at various locations to avoid inhomogeneity in the samples. The average ratio G/D and the corresponding standard deviation are listed in Table 6 . As shown in Figure 10 , the general trend for the G/D ratio is to decrease with biodiesel blend level even though the standard deviation is suddenly increased for PM generated by B100, indicating much greater variation in domain structure. This is consistent with previously published data [7] showing much greater disorder for biodiesel soot. This trend is generally true regardless which Raman unit is being used. The slight ratio variation can be attributed to background difference caused by the different laser excitation wavelengths. Energy-dispersive x-ray spectroscopy (EDS) is based on measurement of the characteristic x-rays generated from a sample irradiated with high-energy electrons. EDS measurements were made with a Hitachi 4100 Field Emission scanning electron microscope with a Gresham Sirius EDS detector. The excitation voltage was 5 KV. Carbon to oxygen ratios determined for soot samples produced from 2007 certification diesel and from B100 were 25.34 and 20.34, respectively. This indicates that the B100 soot contains roughly 20% to 25% more oxygen than soot from 2007 certification diesel.
Thermogravimetric Analysis
Thermogravimetric measurement was performed with a Thermal Analysis TGA Q500 unit. All samples were originally collected on quartz filters. The sample was cut into small pieces stacked in the weighing pan. Thus, the majority of the sample weight is due to the quartz substrate. The heating rate was 100°C/min for temperatures below 400°C. The rate was decreased to 30°C/min when temperature reached 400°C (at the location marked ↑ in Figure 11 ). At 400°C, the purge gas was switched from N 2 to O 2 . So at temperatures below 400°C, we observed weight loss from evaporation and devolatilization, while above 400°C weight loss was caused by combustion. Figure 11 compares TGA results for three PM samples from the different fuels. PM derived from B20 and B100 contains a much greater fraction that is volatile, consistent with the higher organic carbon content. Above 400°C, there is a significant difference in the combustion temperature for these samples. For 2007 certification diesel, combustion occurs between about 650°C and 680°C, while the temperature for B20 is shifted to 550°C-580°C. The B100 sample shows a slightly higher conversion temperature, but the experiment was not precise enough to determine if there is a real difference between B20 and B100. 
CONCLUSIONS AND RECOMENDATIONS
Results show that on average, the balance point temperature is 45°C lower than 2007 certification diesel for B20 blends and more than 112°C lower for B100. Filter regeneration rate measurements indicate that biodiesel causes a measurable increase in regeneration rate, even at the 5% blending level. Transient emissions tests show a 24% particulate matter (PM) reduction for B20 without the DPF installed. Installation of the DPF caused PM emissions to drop by more than a factor of 10 for both fuels. Use of B20 with the DPF shows a statistically significant reduction of 27% below the petrodiesel+DPF level. The use of B20 caused a 3% increase in fuel consumption, consistent with the lower energy content of this fuel. Installation of the DPF caused a 1% fuel economy penalty for both 2007 certification diesel and B20.
An examination of NO x availability at the BPT and DPF regeneration conditions suggests that increased NO x emissions from biodiesel and biodiesel blends are not responsible for the higher regeneration rate or lower BPT. Detailed chemical and spectroscopic characterization results point to the higher degree of disorder in the soot structure and higher oxygen content as the main factors responsible for the observed effects. This is confirmed by TGA combustion tests. The results of this study therefore confirm those of Boehman [7, 8] and indicate practical implications in terms of DPF regeneration and the potential for additional PM reduction.
The significant lowering of balance point temperature and increase in regeneration rate might allow passive DPFs to be used in lower temperature engine duty cycles, avoiding or reducing the need for actively regenerated filters and their associated fuel economy penalty. This hypothetical fuel economy benefit has yet to be demonstrated and will be the subject of future research. 
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